We observed the reflectance spectra of three different nano-scale array structures of Au-coated silicon nanorods. The trends of the reflectance spectra indicate that the localized surface plasmon modes can be spatially controlled by manipulating geometric parameters, namely the lattice constants of the array. In addition, the experimental results were compared with 2D numerical simulations based on the finite element method. Satisfactory agreement between the experimental observations and numerical results was obtained.
Introduction
Surface plasmons (SP) are waves that propagate along the interface of a metal and dielectric [1, 2] material. A combined excitation consisting of a surface plasmon and a photon is called a surface plasmon polariton (SPP) [3] [4] [5] [6] [7] . In addition to SP on a plane surface, excitations of electron plasmons bounded in geometries such as bumps or voids are called localized surface plasmons (LSP). Because of the relatively higher loss and in-plane radiation of the SPP modes, the LSP modes dominate enhancement effects. To distinguish the SPP and LSP modes, one can compare the field enhancement effects at locations near metal surfaces with those far away from metallic surfaces [8] . The field enhancement effects at distances far from a metal surface due to SPP modes tend to be much weaker than those caused by LSP modes. By properly arranging the geometric configuration of a metal/dielectric interface the properties of the SP modes, in particular their interaction with light, can be manipulated.
Therefore, many possible applications such as surface enhanced Raman scattering (SERS) [9] [10] [11] [12] , plasmon waveguides [13] , filters, and nanocavities [14] have been developed and improved in recent years. Experimental results from many different 5 Author to whom any correspondence should be addressed.
particle configurations vary widely in terms of the reported enhancement or quenching. In this paper we designed three different array structures, i.e. square periodic arrays of Aucoated silicon nanorods (SiNRs), to investigate the localized surface plasmons (LSP). The results show that the LSP modes can be manipulated. To study more of the modulated LSP modes, the finite element method (FEM) [15] which is commonly used for solving partial differential equations over complex domains is a good choice. Based on electromagnetic theory, 2D FEM simulations were carried out to obtain the near field optical properties, especially the field distribution of the array structures.
Experiment
In our experiments periodic SiNR arrays on Si(100) wafers (ntype, 27 cm) were fabricated by electron beam lithography (EBL) followed by TCP etching. After the SiNR arrays were constructed, 50 nm thick gold thin films were deposited on the surfaces by an electron gun. Three samples of Au-coated SiNRs of the same diameter but with different shortest root distances (210, 380, and 650 nm) between the nearest neighbor Au-coated SiNR arrays were prepared for measurements of the reflectance spectra. Every single Au coated SiNR (in the three array structures) is not uniformly cylindrical. On the top side, the SiNR is coated with Au (the diameter is ∼200 nm), whereas on the root side, SiNR is not coated with Au (the diameter is ∼380 nm), and the length of the SiNR is ∼900 nm.
SEM images of the three array structures (Si substrate tilted at an angle of 30
• ) are shown in figures 1(A)(a)-(c). In figure 1 (B)(a), a unit cell of a 2D single Au-coated SiNR of array (a) is shown. The color code is the real value of the relative permittivity (ε Au ∼ −8.1, ε Si ∼ 12.1, ε Air ∼ 1.0) for incident wavelength equal to 600 nm [16] .
A standard reflection setup was used in the experiment. Unpolarized white light from a tungsten halogen lamp was focused on the sample. The spot size is smaller than the size of the sample but much bigger than the lattice constants of the arrays. Thus, inside the region of the spot size (0.2 cm × 0.7 cm) the light can illuminate every Au-coated SiNR uniformly. In reflectance spectra measurements, an incident angle of 5
• from the normal direction was set for the three different array structures. The reflection spectra from three arrays of Au-coated SiNRs on Si substrates were normalized to that of 50 nm Au thin films without array structures on the same Si substrates. 3 ) of arrays (a)-(c) observed in the reflectance spectra; 2D FEM simulations results-the incident wavelengths at the extra sharp peak values of the time average total energy enhancement factor curves for the grating effects (g 1 , g 1 ) and the peak (or dip) values of the enhancement factor curves for the LSP modes (sp 1 the group for the other special feature, i.e. the notch is at an incident wavelength of 743 nm; and sp 3 , sp 3 in figure 2(d) are the group for the lowest frequencies. In order to compare the LSP modes of the three arrays more easily, we shifted the reflectance curves in figures 2(b)-(d) until their dips 'sp n ' value reach 0.01%, and then took the common logarithms of the three reflectance curves, respectively. As shown in figures 2(b)-(d), the longer the distances between Au-coated SiNRs, the lower the frequencies of the LSP modes (red shift), as shown in the reflectance spectra of figures 2(b) and (d).
Results
With a standard setup we can only get information about which incident wavelength the LSP will resonate at. For estimating the SP resonance frequencies, starting from Maxwell's equations under appropriate boundary conditions, one can obtain the SP dispersion relation for the metaldielectric interface:
Here k SP is the frequency-dependent SP wavevector, ε m is the frequency-dependent permittivity of the metal and ε d is the frequency-dependent permittivity of the dielectric material. The SP wavevector (k SP ) for a gold-air interface in our spectrum range (550-850 nm) is 1.02k 0 -1.07k 0 [16, 17] . According to equation (1), the incident light with a lower frequency produces a higher frequency of LSP mode. This is because
c , where ν is the frequency of light). The relative permittivity of the gold is assumed to follow the Drude model [17] and is frequency dependent. The experimental data of Johnson and Christie [16] were used in our 2D FEM simulations.
For a square array with the lattice constant a 0 and incident wavelengths, λ i j can be recognized approximately from the equation derived from the dispersion relation as shown in equation (1):
where indices i and j are the scattering orders from the array [6] . The red shift of the grating effects and the LSP modes of array (a)-(c) can be qualitatively explained by equation (2): when a 0 is tuned to be longer, the LSP modes λ i j are shifted to be longer. However, due to the geometric complexities of our array structures, it is difficult to predict quantitatively the red shifts of LSP modes and the grating effects by simply using equations (1) and (2). We shall employ the 2D FEM to estimate our observed results. In 
Discussion
To analyze the reflectance spectra of our specific array structures, we used the FEM simulations as implemented in the FEMLEB code (www.femlab.de) to calculate the time average total energy densities and the enhancement factors of arrays (a)-(c) at every specific incident wavelength. The results are shown in figures 3(A) and (B) and 4(a)-(c). In the simulations, the Helmholtz wave equations were solved within a unit cell by employing periodic boundary conditions for each case. In the square unit cell of each array, both the peripheral distances (D = 210, 380, and 650 nm (as shown in figures 1(A)(a)-(c) yellow dashed line)) and the diagonal distances ( √ 2D ∼ 297, 537, and 919 nm (as shown in figures 1(A)(a)-(c) blue dashed line)) between the two Au-coated SiNRs were included. The convergence of our simulation models has been checked by varying mesh sizes to evaluate the normalized electric field at the center of a Au-coated SiNR with a distance of ∼5 nm from the top of the rod. We reduced the mesh size until it was sufficiently fine so that the results do not depend on meshes, avoiding numerical errors [18] . Finally, we chose tiny meshes with a maximum grid size of 2 nm at all Au coating surfaces, and relatively coarse meshes of maximum value 50 nm within the SiNRs, as shown in figure 1(B)(b) . A quantitative interpretation of the reflectance spectra requires further investigations. However, some points for qualitative discussion of the reflectance spectra can be given. First of all, the trends of the reflectance spectra can be modulated by varying the lattice constants of Au-coated SiNR arrays. Second, the trends of reflectance spectra are dominated by the LSP modes and the grating effects. We have discussed the first point in detail for figures 2(a)-(d). For second point, the following discussions are given. The valleys shown in the reflectance spectra correspond to the high optical fields produced by the LSP modes and the conditions which are proper for the constructive interference formed inside the Si, whereas the peaks shown in the reflectance spectra correspond to the grating effects which form constructive interference in the air. Because the optical fields are highly confined at the surface of a metal the propagation of SPs is subject to the significant energy losses. When the frequencies of the incident light are properly matched with those of the LSP resonance modes, the damping effects in the nonconductors are obvious and the corresponding absorption coefficients are increased to reach maximum values. Therefore, low reflection can be observed. In our Au-coated SiNR array structures, the LSPs resonate at the surface of the Au in the nonconductors, i.e. air and Si can both cause low reflectance. As mentioned before, in addition to the LSP modes, the grating effects with constructive interference formed in the nonconductors, i.e. air and Si, can also contribute to the reflectance spectra. The complexity of the analysis increases when the LSP modes are accompanied by grating effects which may cause high reflectance (with constructive interference formed in the air) or low reflectance (with constructive interference formed in the Si).
By 2D FEM, we find that the distributions of the time average total energy densities are strongly dependent on the geometries of the metallic nano-particles and their orientations with respect to the incident fields. Apparently, the LSP modes observed in reflectance spectra as shown in figures 2(a)-(d) manifest the characteristics that the total energy densities are highly concentrated near the surface of a metal, as shown in figures 3(A) and (B). We also obtain the normalized time average total energy enhancement factors in our spectral range by integrating the time average total energy in the area of the top region above the SiNR (height ∼2 μm in the air) of each unit cell for our three array structures with respect to 50 nm Au thin film without any array structures on the Si • to the normal direction of the Si substrate. The color codes in figures 3(A) and (B) indicate the absolute value of the time average total energy density which is normalized by the incident total energy density.
The reason why the sharp peaks 'g n ' obtained by the simulations are missing in the observed spectra can be explained as follows. The simulation result of each array is full angle integration, 0
• -180 • , which obtained from linear superposition of the TM mode plane wave in the near field regions. This can reveal subtle characteristic of the intensity distributions including the grating effects from higher order diffraction and also more LSP modes. However, in the experimental observations, far field reflection measurements of a 5
• reflection angle were performed and one could receive only the zero order diffraction. This is the case in the grating equation: a 0 (sin θ m − sin θ i ) = mλ, where a 0 is the lattice constant, θ m is the diffraction angle, and θ i is the incident angle. In this case, θ m = θ i = 5
• , so that m = 0 and the zero order diffraction light is the reflection light itself. At reflection angles of 5
• in the far field regions, the higher order diffraction cannot contribute to the rise of the intensity. Therefore, at the reflection angle, the grating effects (sharp peaks 'g n ') were not observed in reflectance spectra. Owing to this arrangement in experiments which could avoid disturbance of the sharp diffraction peak, the LSP peaks could be clearly extracted from the reflection spectra.
Conclusion
Based on electromagnetic theory, the time average total energy density of the three Au-coated SiNR array structures were calculated by 2D FEM. There are two important constituents: the LSP modes and the grating effects should be considered for understanding their corresponding reflectance spectra. The coupling of LSP with light can enhance or quench emission at different incident wavelengths at different locations on our structures. During the coupling processes, the incident light energies are transferred into the LSP modes. If the SP modes match with radiation modes, light emission can be efficiently enhanced. In contrast, SP dissipation leads to emission quenching.
A grating structure is a good choice for controlling phase matching between LSP modes and radiation modes. The array structures we studied were fabricated by well-established silicon technology and are reproducible. Although the LSP resonance modes are sensitive to the geometries of metal/dielectric interfaces, it is still a challenge to precisely implement a particular geometry and achieve emission enhancement/quenching of a desired emission wavelength based on the LSP coupling. As exquisite design and fabrication are implemented, more efficient optical devices and newly developed circuits can be expected.
